High modularity, easy scalability, and superior harmonic performance, comprising the topology with the most potential for medium-to high-voltage high-power applications, are representative features of a modular multilevel converter (MMC). Each application of a MMC requires a proper scheme such that it conforms to control objectives such as correct submodule capacitor voltage balancing control and the suppression of circulating current. Over the past few years, various studies have been presented that meet the MMC requirements through both classical control-based pulse-width modulation and model predictive control, although some drawbacks exist for both control concepts. The dynamic performance of the classical control methods with proportional-integral or proportional-resonant controllers is unsatisfactory, and the requirement of proportional-integral parameters tuning procedure makes converter operation performance depends on proportional-integral parameters adjustment. Meanwhile, model predictive control performance depends significantly on the mathematical model of a system, and weighting factor selection is tedious. In this paper, we propose an improved phase-shifted carrier pulse-width modulation method and capacitor voltage balancing control that inherits the merits from both classical control and model predictive control. Meanwhile, the proposed control method eliminates the requirement of the tedious proportional-integral parameters tuning procedure and improves the dynamic performance compared with the conventional phase-shifted carrier pulse-width modulation-based proportional-integral controller method. Simulations and experiments were conducted to demonstrate the proposed method's properness.
I. INTRODUCTION
In recent years, there has been a growing trend toward using multilevel converters in the industry. Various multilevel converter topologies have been developed over past decades, although few have received wide acceptance for use in industry. It should be mentioned that among the various multilevel converter topologies, the three-level neutral point clamped converter (3L-NPC) [1] , flying capacitor converter (FC) [2] , and cascaded H-bridge (CHB) converter [3] have been most closely studied. However, there are problems with The associate editor coordinating the review of this manuscript and approving it for publication was Huiqing Wen . these multilevel topologies. In terms of high-power and highvoltage applications, the 3L-NPC and FC topologies require a dramatic increase in the number of clamping diodes or FCs, which leads to high complexity in controlling the capacitor voltage [1] , [4] , [5] . Meanwhile, the CHB topology has a modular structure and still requires a great many of isolated DC sources, which increases the cost of the whole converter system. To address such challenges, the modular multilevel converter (MMC), first presented by Lesnicar and Marquardt in 2003 [6] , has gained much attention in terms of the demand for medium-to high-power applications. Compared with other multilevel converter topologies, the modular and scalable characteristics of MMC allow it to generate any VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ voltage level. Furthermore, the cascaded submodules (SMs) configuration means that the MMC can provide excellent quality output current and output voltage without requiring filters [7] . In spite of the benefits of MMC, a proper control scheme is indispensable to achieve several objectives such as proper magnitude and frequency of AC output currents, minimization of the circulating current, and balance of the SM capacitor voltages. Thus far, classical control methods and model predictive control (MPC) methods have been used to meet the MMC control objectives. In classical control methods, proportional-integral (PI) [8] and proportionalresonant (PR) [9] controllers have been used individually to control each objective. Meanwhile, a pulse-width modulator is necessary to generate the gating signals for SMs. In [8] , Hagiwara and Akagi introduce a representative control concept among classical control methods, an approach which controls each SM of the MMC independently. The balance of SM capacitor voltages is managed by an averaging control and a balancing control which control the average SM capacitor voltage in each phase-leg and individual SM capacitor voltage, respectively. Subsequently, their output levels are added to each SM reference modulating signal. Furthermore, the SM capacitor voltage balancing task can be carried out using a control action term that is added to the upper and subtracted from the lower arm modulation index [10] . In [10] , the voltage error between the average upper and average lower arm voltages through a linear PI controller is multiplied by the circulating current to generate the control action term. In classical control methods, the dominant second-order harmonic and higher-order harmonics of the circulating current can be suppressed using a synchronous reference frame with linear controllers [11] . Besides, various resonant and repetitive controllers have been used to eliminate the second-order harmonic and higher-order harmonics in a similar manner to that presented in [12] - [15] . Capacitor voltage balancing control and circulating current control are mostly used to work with various PWM methods, such as phase-shifted carrier PWM (PSC-PWM) [8] and level-shifted carrier PWM (LSC-PWM) which are classified as phase-disposition PWM (PD-PWM) [16] , phase-opposition disposition PWM (POD-PWM), or alternate POD-PWM (APOD-PWM) [17] . Among these, PD-PWM and PSC-PWM are widely utilized due to the lowest line-to-line harmonic voltage distortion and the highest equivalent switching frequency, respectively. However, the uneven switching state distribution of PD-PWM negatively impacts the harmonic distortion of the output voltage and induces a large magnitude circulating current. To address this drawback, PSC-PWM, which is the most commonly used method in the CHB converter [18] , is much preferred for MMC.
Even though the classical control method offers simple and easy implementation, the performance of this control scheme depends on the design of the controller parameters. Due to the highly nonlinear with a wide range of operational points and the utilization of various closed loops, the dynamic performance of the MMC system with PI or PR controller is unsatisfactory [19] - [21] . Additionally, a proper tuning procedure for the PI parameters is indispensable.
Unlike the classical control method, MPC does not need both modulator and PI or PR controllers because the switching states are generated directly [20] . Furthermore, MPC allows the simultaneous control of multiple objectives with a cost function. Eliminating the PI controllers significantly improves the MMC's dynamic performance [21] . MPC has gained much attention in multilevel control due to its distinctive advantages, but there is a drawback: the conventional MPC known as the finite control set MPC (FCS-MPC) has to deal with the significant increase in available switching states that corresponds to the number of SMs, which increases the MPC method's complexity and calculation burden. Several research groups have proposed control schemes to reduce the calculation burden of the MPC method [22] - [25] , although the dynamic performance is lowered [22] . Additionally, the MPC method's performance is dependent on the system's mathematical model and the selection of weighting factors in the cost function. The weighting factors selection procedure in the MPC method is identical to the parameter tuning procedure in terms of the tedium when selecting the optimal value while simultaneously maintaining proper control of the objectives.
In terms of medium-voltage applications, an MMC with few SMs is feasible, and a high switching frequency is needed to achieve high-quality output voltage [26] , [27] . Herein, we propose an improved PSC-PWM method and a new capacitor voltage balancing control scheme for controlling MMC where regulating the AC output current and circulating current has been implemented with their predicted values substituted for reference ones. Subsequently, the optimal upper and lower arm reference modulating signals can be generated based on the relationship between the arm voltage, the AC output current, and the circulating current. Meanwhile, the capacitor voltage balancing control is employed by rescaling the modulation indexes of each associated modulation signal among the SMs. The relationship between the arm current and the magnitude of the capacitor voltage is evaluated to calculate a coefficient, which is assigned to the corresponding SM modulation signal to rescale its modulation index. As a whole, the proposed method has the following advantages: 1) no requirement for PI controllers to achieve objectives, which allows avoiding the PI parameters tuning procedure and dependence of operation performance on PI parameters adjustment; 2) improved dynamic performance of the PSC-PWM method compared with conventional PSC-PWM-based PI controllers; 3) achieving capacitor voltage balancing control in a closed-loop manner; and 4) avoiding unwanted switching actions. The proposed method's performance was verified with simulation and experimental studies. This paper is organized as follows: Section II contains a description of the basic structure of the MMC and a review of conventional PSC-PWM-based PI controllers [8] . Section III presents the proposed method in detail. The proposed method's validity verified via simulated and experimental studies on a single-phase MMC prototype is reported in Section IV. Finally, Section V contains conclusions of the study. Figure 1 illustrates a typical configuration of a one-phase MMC consisting of two arms. In terms of SM, the half-bridge topology in Figure 1 (b) among several SM topologies such as half-bridge, full-bridge, and multilevel flying capacitor SMs is implemented in this investigation due to its simplicity and low power loss characteristics [7] , [28] . The halfbridge SM can generate only zero and positive voltages which correspond to the switching states of switches S 1 and S 2 , as reported in Table 1 .
II. MMC TOPOLOGY AND CONVENTIONAL PSC-PWM CONTROL A. MMC TOPOLOGY
In Figure 1 , the mathematical model of MMC can be generated by applying Kirchhoff's current law [7] , [28] , the AC output current i o and the circulating current i circ equations can be expressed as
where i u and i l are the upper arm current and lower arm current, respectively. The voltage relationship of MMC in Figure 1 by means of Kirchhoff's voltage law can be described as
where v u and v l represent the upper arm voltage and lower arm voltage, respectively. Adding (3) and (4) and substituting for i o from (1), the mathematical dynamic of the AC output current is given by
In the same manner, the mathematical dynamic of the circulating current can be deduced by subtracting (3) from (4) and substituting for i circ from (2):
Equations (1) -(4) contribute toward a generalized dynamic model of the MMC which can be used for the control objectives.
B. CONVENTIONAL PSC-PWM CONTROL Figure 2 illustrates the whole control structure of the conventional PSC-PWM control scheme [8] and includes two different control loops named the averaging control and the balancing control. This control structure has been chosen for the comparison with the proposed method because of realization in a single and three-phase converter system. Additionally, this is a representative cascaded control method using PI controllers.
1) THE AVERAGING CONTROL LOOP
Here, the difference between the nominal capacitor voltage v * C and the average capacitor voltagev C is used to generate a circulating current reference through the first PI controller.v
where v Cuj and v Clj (j = 1 ∼ N ) are SM voltages of upper and lower arms, respectively. After that, a voltage reference v * A is obtained through the second PI controller based on the differential value between the measured circulating current i circ and its reference i * circ . The voltage reference v * A can be described as
where
2) THE BALANCING CONTROL LOOP
The balancing control loop guarantees the balancing of the capacitor voltage among all SMs of the MMC. A P-controller carries out this task by generating output from the difference between the nominal capacitor voltage v * C and each capacitor voltage v Cmj (m = u, l). This output is multiplied by 1 or −1 based on the signs of the arm currents ( Figure 2 ) to generate individual voltage references v * Bmj that are added to the voltage reference of each SM. Hence, the pulse width of the corresponding SM is adjusted to balance the capacitor voltage:
The arm reference modulating signals can be obtained by combining (8) and (10):
where v * o is an AC voltage reference. The PWM signal of each SM is generated by comparing the arm reference modulating signals with the associated triangular carriers that are phaseshifted by 2π /(2N ) to achieve harmonic cancellation.
Apparently, the conventional PSC-PWM control scheme based on PI controllers requires great effort to tune and design the PI parameters, which exerts a negative impact to converter operation performance if PI parameters are not selected properly. In addition, the utilization of different PI controllers to achieve the control objectives reduces the dynamic performance [24] .
III. THE PROPOSED SCHEME
The proposed method is divided into two main parts: an arm voltage reference modulating signal generation and a voltage balancing control, as depicted in Figure 3 . Based on the mathematical model presented in Section II, the arm voltage reference modulating signals are generated using the predicted values for the AC output current and the circulating current. Meanwhile, the capacitor voltage balancing control task is carried out by rescaling the modulation indexes of each SM reference modulation signal. Unlike the conventional PSC-PWM control scheme method based on PI controllers [8] , the proposed method is easy to realize with a straightforward approach because the PI parameters tuning procedure is unnecessary, thus permitting a significantly improved dynamic performance.
A. THE PREDICTED ARM VOLTAGE REFERENCE MODULATING SIGNALS
From (5) and (6), we can conclude that the AC output current can be controlled by the difference between v u and v l , while the circulating current is controlled by the sum of v u and v l .
The discrete-time model of the AC output current and circulating current can be obtained using the Euler approximation [23] as
From (13) and (14), the upper and lower arm voltages can be calculated following the measured and predicted value of the AC output current and the circulating current as
The aim of the AC output current and the circulating current control is to regulate them following their references. Therefore, from (15) and (16), the predicted AC output current i o (t + T s ) and the predicted circulating current i circ (t + T s ) can be replaced by their respective reference values i * o (t + T s ) and i * circ (t + T s ) to calculate the ideal upper and lower arm voltages. Hence, the optimal upper arm and lower arm voltages are given as
and
The reference for the circulating current is calculated based on the real power transferred to the dc side by
whereas i * circ = I * dc for one-phase MMC system and i * circ = I * dc 3 for three-phase MMC system [22] .
B. VOLTAGE BALANCING CONTROL
In the PSC-PWM, each carrier corresponds to the switching state of a single SM. The difference between each SM means that an imbalance can occur in the capacitor voltage among the SM capacitors. The capacitor voltage balancing task is usually carried out by adding a term that depends on the capacitor voltage error and either the arm current [8] or the circulating current [10] to each SM's modulation signal. However, this scheme cannot avoid the PI parameters tuning procedure and would produce low-order harmonics in the output voltage due to the negative effect from the component of sign of the arm current as in (10) . Therefore, we propose a capacitor voltage balancing control scheme by rescaling the modulation indexes of the reference modulating signals.
The proposed scheme eliminates both the requirement of the PI parameters tuning procedure and unwanted switching actions like the capacitor voltage sorting algorithm. In addition to the reason for the imbalance among the SM capacitor voltages mentioned previously, there are cases in which all the SMs on one arm in an MMC are inserted for a time period that causes them to charge or discharge excessively. This can accumulate and enlarge the imbalance of capacitor voltages in MMCs, which negatively impacts their operation. To solve these problems, the proposed capacitor voltage balancing control scheme rescales the modulation indexes of each SM reference modulation signal following the relationship between the instantaneous value of the capacitor voltage and the direction of the arm current to manage the amount of power present in each SM of the MMC. A coefficient is calculated by the division between the capacitor voltage of each SM v Cj and the average capacitor v C voltage, which is presented as
The calculated coefficients M mj can be assigned to the reference modulating signal of each SM to rescale the modulation indexes and thus satisfy the charge balance. If the arm current is positive, a high M mj is assigned to the SM modulating signal of the corresponding low capacitor voltage to charge more, and a low M mj is assigned to the SM modulating signal of the corresponding high capacitor voltage to charge less. Meanwhile, if the arm current is negative, a high M mj is assigned to the SM modulating signals of the corresponding high capacitor voltage to discharge more, and vice versa. This scheme lets us balance the capacitor voltage and prevents excessive voltage charging or discharging in MMCs.
The capacitor voltage balancing control scheme shown in Figure 4 is proposed based on previous analysis. In the proposed control scheme, the capacitor voltages are sorted into ascending order if the arm currents are positive. Meanwhile, coefficients M j are calculated by (21) , (22) and sorted into descending order. Next, the highest coefficients M j are assigned to the reference modulating signal of the lowest capacitor voltage. This procedure is executed sequentially from the highest coefficient M j to the lowest one. In contrast, if the arm currents are negative, the capacitor voltages and calculated coefficients M j are sorted into descending order. The highest coefficient M j is assigned to the reference modulating signal of the highest capacitor voltage and then continually assigned until reaching the lowest capacitor voltage.
Finally, the arm reference modulating signals of each SM are yielded by assigning the associated coefficient using the following equations:
Similar to the PSC-PWM method, the arm reference modulating signals are compared with the corresponding triangle carriers to generate PWM signals. Figure 3 illustrates the proposed scheme's whole structure. In addition, it is apparent that the whole control structure does not require any PI controllers, which makes the greatly time-consuming PI parameters tuning procedure as per the conventional method unnecessary and dependence of converter operation performance on PI adjustment. This allows the easy realization of the proposed scheme.
IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS
To verify the proposed method's performance, the simulation of a single-phase MMC with N = 3 was implemented using PSIM software, the system parameters for which are given in Table 2 . The PI parameters used in this comparison are shown in Table 3 , which are selected by using a trial and error method. The PI parameters are selected in order to give the operation performance as good as possible. This ensures a fair comparison with the proposed method. Figure 5 illustrates the steady-state performance of the proposed method and the conventional method over a total simulation time of 0.1 s. As depicted, there was no noticeable difference in the AC output current between the two methods. The AC output current of the proposed method showed the same quality as that of the conventional method with a good sinusoidal form and THD = 0.38%. With N = 3 SMs per arm, both control methods generated a seven-level output voltage that varied in the range -V dc /2 to V dc /2. The capacitor voltages remained balanced at the nominal value of 2.3 kV (V dc /3) in both methods. However, in terms of the circulating current, the proposed scheme showed a better result than the conventional method. The second-harmonic circulating current is evident in Figure 5 (b) due to the circulating current being regulated through the sum of capacitor voltages (Figure 2) , so it cannot be directly manipulated. Although the circulating current with this conventional scheme can be suppressed further by using some sort of extra controller (PI, PR, repetitive, etc.) as mentioned in the Introduction section, this significantly increases the complexity of the control method and the designing and tuning controller procedure. By eliminating the second-harmonic circulating current, the proposed method allows a reduced power loss (by the reduction of the RMS arm current [29] ) that is better than the conventional method. Figure 6 (a) and 6(b) show the simulation waveforms for the FFT analysis of the circulating current in the steady-state from each method. Hence, the simulation waveform results verify the proposed method's proper operation and high stability. Figure 7 (a) and 7(b) illustrate the dynamic-response performance of the proposed method and the conventional method, respectively. The MMC was initially controlled to supply a current of 170 A to the load. At t = 0.25 s, the magnitude of the AC output current reference was decreased from 170 to 85 A. The output currents of both control concepts correctly tracked the sinusoidal form and magnitude. The output voltage level was reduced from 7 to 5 V, and the capacitor voltages remained at the nominal value with smaller oscillations. In this case, the proposed method achieved a stable state faster than the conventional method since it does not use various PI controllers to control the capacitor voltage balancing. Regarding the circulating current, the reduction in the AC output current reference resulted in a decrease in the arm currents. Thus the magnitude of the circulating current also decreased
The simulation waveform results during dynamic-response operation validated the proper operation and correct algorithm of the proposed method; furthermore, the better dynamic performance of the proposed method compared with the conventional method was verified.
B. EXPERIMENTAL RESULTS
The proposed method was evaluated by conducting an experiment on a single-phase MMC laboratory prototype. The MMC laboratory prototype configuration and photographs are presented in Figure 8 (a) and 8(b), respectively. The single-phase MMC laboratory prototype contains three half-bridge SMs in each arm that generates seven levels of output voltage (N = 3). The proposed method and conventional method were implemented for performance comparison purpose, and both of them are realized through a Texas Instruments TMS320F28335 digital signal processor (DSP); Table 4 presents the circuit parameters. Figure 9 shows the digital control system used for the experiment. The system detects the SM capacitor voltage v Cmj and the upper and lower arm current i u , and i l through voltage sensors and current sensors, respectively. The capacitor voltages are monitored in real-time and sampled at the sampling frequency f sp = 5kHz. The control algorithm is executed by DSP, which generates the switching states transmitted to the MMC. Figure 10 shows the experimental waveforms during steady-state operation by the proposed method and the conventional method. As can be seen, both control methods generated correct sinusoidal waveforms for the AC output current with low THD values of 1.27% and 1.31% for the proposed method and the conventional method, respectively. The output voltage waveforms contain sufficient seven-level variance from -V dc /2 to V dc /2. The waveforms of the capacitors v Cu1 and v Cl1 show that the capacitor voltages were well balanced at 66.666 V. The circulating current synthesized by the conventional method was suppressed but still contained the second-harmonic component, as was seen in the simulation study. Meanwhile, the proposed method eliminated the second-harmonic component and suppressed the circulating current well. The high stability of the experimental results verifies the proposed method's correction and performance. Figure 11 illustrates the dynamic performance of the proposed method and the conventional method with a stepchange in the peak output current from 2 to 4 A. Evidently, the output current in Figure 11 (a) changed very rapidly to the new reference value without overshooting. Furthermore, the output voltage waveforms yielded from both control concepts increased from five levels to seven, which corresponds to a step-change in the reference AC output current. The increased oscillation of the capacitor voltages and the increased magnitude of the circulating current by the methods (Figure 11 (a) and 11(b)) were achieved properly following the change in the AC output current reference. Under dynamic-response conditions, the proposed method continued operating well, which clearly validates the proposed method's high performance. Figure 12 shows the magnification of the AC output current and the output voltage dynamic waveforms to compare the dynamic-response performance between the proposed and conventional methods. Figure 12 (a) and 12(b) depict the dynamic response when applying the proposed and conventional methods, respectively. Evidently, the AC output current from both control concepts tracked the reference correctly. However, the dynamics in the AC output current from the proposed method was higher than the conventional method. The conventional method requires around 3 ms to reach stability while the proposed method only needed approximately 1.5 ms to totally change state. This is because the conventional method is limited by the calculation time for the reference values from the various PI controllers for the control objectives, whereas the proposed method does not require any PI controllers. This indicates the proposed method's high dynamic performance. Hence, the experimental results apparently prove the proposed method's proper operation and high dynamic performance. 
V. CONCLUSION
In this paper, we present a method for the control of MMC where the proposed improved PSC-PWM and the capacitor voltage balancing control method not only inherit the merits of both the classical control and MPC methods but also have distinctive features. Using the predicted output current and circulating current and the relationship corresponding to the arm voltage, the arm reference modulating signals are generated without requiring PI or PR controllers, which eliminates the tedious PI parameter tuning procedure and dependence of converter operation performance on PI parameters adjustment. Furthermore, the balance of the SM capacitor voltages is addressed by assigning a proper coefficient generated by the relationship between the arm currents and the instantaneous values of the capacitor voltages to the associated reference modulating signal of each SM to rescale the modulation indexes. The proposed control method was compared with the conventional PSC-PWM method based on PI controllers under both simulated and experimental conditions. The two control concepts achieved good results for the control objectives and stable operation during both steady-state and dynamic-response operations. However, the proposed method had significantly improved dynamic performance compared with the classical control method, as shown by the experimental results. The correction and high performance of the proposed method are apparent and verified.
